The formation of the storeyed pattern of cambium in the first two years of cambial activity and the structure of mature cambium was examined in Laburnum anagyroides, a decorative shrub growing in temperate climate. A distinct storeyed pattern was observed in two-year-old stems, despite the presence of tall rays. The heterogeneous nature of storeys was revealed by the analysis of i) the number of fusiform initials forming storeys or groups of packets; and ii) the frequency of anticlinal divisions in the examined years of cambial activity and the calculation of the relative increase of the cambial circumference. The results are discussed on the basis of the recent hypothesis of intrusive growth of fusiform initial, occurring between the tangential walls of its neighbouring initial and its closest derivative.
INTRODUCTION
Secondary xylem (wood) is one of the most valuable natural resources and numerous observations concerning the development of wood have been described recently, but still they explain mostly the molecular mechanism of wood formation, usually not taking into consideration the cambium, that is, the tissue which is the origin of each layer of wood. Knowledge of the mechanisms of initial cambial rearrangement is still inefficient and understanding of this elusive tissue, as it was named by S c h m i d (1976), seems to be essential for elucidating the mechanism of wood formation. The cambium consists of two types of cells: fusiform initials, whose derivatives form the longitudinal (axial) transport system, and ray initials, whose derivatives form the radial transport systemrays (W o d z i c k i and B r o w n , 1973; A j m a l et al. 1986 ). Regarding the arrangement of fusiform and ray initials, there have been distinguished three major patterns of cambia: non-storeyed, storeyed and double-storeyed (R e c o r d , 1919; C u m b i e , 1963, 1967 ; B a n n a n , 1968). The formation of storeys is frequently described as the result of radial longitudinal divisions (RLD) (C u m b i e , 1984; A j m a l et al. 1986 ; C a r l q u i s t , 1988), which means that storeys are derived by successive RLDs from a single procambial cell (homogenous storeys). The first observations of intrusive growth of fusiform initials in the storeyed cambium led to the conclusion that the storeyed pattern is maintained despite this phenomenon (Z a g ó rs k a -M a r e k , 1984). Examination of a climbing plant (Wisteria floribunda) revealed the heterogeneous nature of storeys, as a result of coordinated intrusive growth of the whole packets of fusiform initials (K o j s et al. 2004) . This research will compare the storeyed cambium formation of shrub-like species with their observations.
The pattern of cambium is probably an effect of adaptation to specific environment conditions (K o j s et al. 2003 ; I q b a l et al. 2005) ; sometimes specimens of the same species form a storeyed or double storeyed pattern only when growing in windless conditions, like in dense forests (I q b a l et al. 2005 ). The pattern of cambial initials influences the properties of wood, e.g. the storeyed and double storeyed cambium is related to the formation of wavy or interlocked grain in wood respectively. Interlocked grain improves the mechanical strength of wood and allows the intensive longitudinal growth of trees to secure their access to light, which is essential in tropical rain forests (I q b a l et al. 2005 ). The double storeyed cambium and interlocked grain in wood are typical for tropical species which dominate (over 80%) in the emergent layer of the tropical rain forest (K o j s et al. 2003 ). On the other hand, spiral grain in wood, which has been described for numerous trees of temperate climate, is more typical for the environment with prevailing winds. The occurrence of spiral grain improves security of longitudinal transport (K u b l e r , 1991) and also the mechanical strength of stems (S k a t e r and K u č e r a , 1997, 2000), but reduces the commercial value of wood (N o r t h c o t t , 1965).
The aim of this work is to examine the process of storey formation in concordance with the new concept of cambial rearrangement and to determine the homogeneous or heterogeneous nature of storeys in Laburnum anagyroides. The understanding of the formation of the storeyed pattern and its significance for features of wood seem to be essential for improving the value of wood produced, therefore the examination of cambial initials rearrangement should not be neglected.
MATERIALS AND METHODS
Samples were collected in the middle of May 2005, so in the peak of cambial activity, from young stems (1-and 2-year-old) and from mature stems (about 20-year-old) of a single specimen of Laburnum anagyroides Medik. (Fabaceae), a decorative shrub growing in a copse in Mikołów (Poland). This species was chosen due the rapid formation of the storeyed pattern of cambial initials, which often occurs in the first few years of cambial activity. Samples of 1-and 2-year-old cambia were prepared by cutting the young stems (5 pcs for each year of cambial activity) transversally into discs (approximately 20 pcs for each year of cambial activity) about 2 mm thick (in the axial direction) and then by dividing the discs radially into 4 or 8 equal pieces. Samples of 20-year-old cambium were prepared by cutting a stem segment, including the phloem and xylem, and then by dividing it into small samples; the dimensions of the samples were about 2 mm in circumferential direction, 3 mm in radial direction and 3 mm in axial direction. Next, the samples were fixed in 3% glutaraldehyde in phosphate buffer, dehydrated in acetone and propylene oxide, mounted in Epon 812 (Shell Chemical Co., USA), and cut into 3 μm thick tangential or transverse sections (M e e k , 1976) in long series (at least 50 sections each). The sections were stained with Schiff's reagent and toluidine blue, and mounted on glass slides in euparal (W ł o c h and P o ł a p , 1994) for examination under an Olympus microscope with plain apochromatic lenses. The figures were prepared using Corel Draw X3 software.
In tangential sections, the length of fusiform initials was measured using an ocular with a scale for random 25 initials observed in 2 different samples, thus a total of 50 initials for each year of cambial activity. On the basis of the length of the shortest and the longest fusiform initial, six ranges of length were determined and the number of fusiform initials belonging to those ranges was counted for each examined year of cambial activity. The mean diameter of the cambial cylinder was measured, the number of fusiform initials forming packets was counted and the structure of rays was examined (on at least two samples, for a total of 50 rays) for each year of cambial activity. The width of rays was estimated by counting the individual rays' initials in the widest area (seriate rays), and their height was estimated by counting the number of storeys they overcrossed. The percentage frequency of anticlinal divisions was estimated for each year of cambial activity, by counting the number of anticlinal divisions noticed in transverse sections for 400 radial rows. The relative increase of the cambial cylinder's circumference was calculated between the 1st and 2nd year of cambial activity, using the formula d= L/L*100% (L 2 -L 1 /L 1 *100%), and also estimated in annual periods between 2-and 20-year--old cambia, assuming that the radius increment was constant (2.5 mm per year). Such a rate of radial increment in 20 years should increase the cambial radius to 25.6 mm, thus similar to the actually measured one.
RESULTS

A comparison of the ray patterns
The rays in the examined samples of Laburnum anagyroides stems did not reveal the storeyed pattern. There were observed diversified rays, either short, less than 200 μm in height, consisting of several individual ray initials (even one or two only), or tall, much more than 500 μm in height. In the 1-year-old cambium, most of the rays were uniseriate and biseriate, rarely triseriate, either short or tall (even exceeding 1 mm in height), whereas seldom the multiseriate rays were rather short ( Fig. 1) . In the 2-year-old cambium, the ray width did not change significantly (Table 1) , although triseriate or multiseriate rays occurred more frequently and varied in height: from short ones, located within the limits of one storey, to medium ones, occupying up to 6 storeys. The rays in the mature (20-year-old) cambium varied, as there were uniseriate, biseriate or seldom triseriate rays (the latter ones were always short and located within the limits of one storey), whereas the multiseriate rays were from short ones, even within the limits of one storey, to very tall ones, crossing up to 10 storeys. The width of multiseriate rays increased significantly from juvenile (1-and 2-year-old cambium) to mature cambium, even up 9 ray initials in the widest area ( Fig. 1) .
The height of rays significantly decreased temporally between the 1st and 2nd year of cambial activity, whereas between the 1st and 20th year the change is insignificant (Table 2) . The tallest rays crossed even 10 or 12 storeys in the mature or 1-year-old cambium, respectively, whereas in the 2-year-old cambium they crossed up to 6 storeys. However, in the mature cambium the percentage of short rays decreased and there frequently occurred very tall, multiseriate rays ( Fig. 1) .
A comparison of the patterns of fusiform initials
A tendency towards storeyedness was distinct in the first two years of cambial activity of L. anagyroides, despite the presence of tall rays (Fig. 2) . In the 1-year--old cambium, regular storeys could not be distinguished and fusiform initials were arranged in a mosaic of packets, usually consisting of 2 to 4 cells (Table 3) . Such packets may be homogeneous, probably originated via longitudinal anticlinal divisions, but the actual nature of packets was not examined in this research. In the 2-year-old cambium the number of fusiform initials in packets increased and the packets were frequently arranged in similar locations on two sides of the tall rays, thus two or more packets constituted one common storey. The boundaries of such storeys were often slanted, deviating from the typical transverse pattern. The mature cambium (20-year-old) presented a regular storeyed arrangement, though the actual number of fusiform initials forming the storeys was difficult to estimate, because the storeys frequently exceeded the size of the sections. The location of storeys was frequently similar on both sides of the tall multiseriate rays.
The change in the length of fusiform initials
A comparison of the mean length of fusiform initials in the examined years of cambial activity revealed a significant increase (5%) between the 1st and 2nd year of cambial activity, followed by a significant decrease (up to 88% of the initial value) in the mature cambium (Table 4 ). In the 1-year-old cambium the range of length of fusiform initials was the most diverse ( Fig. 3) . In the 2-year-old cambium most of fusiform initials (over 30%) were included in the range 211-240 μm; no shortest initials were observed but several very long initials occurred. In the mature cambium, the length of fusiform initials was the most uniform, as the majority of cells (60%) were included in the range 181-210 μm. Both the shortest and longest initials were absent. In all examined years, the mean length of fusiform initials was included in the range with the maximum number of initials.
The frequency of anticlinal divisions of fusiform initials
The frequency of anticlinal divisions decreased from 5% to 1% between the 1st and 2nd year of cambial activity. In the mature cambium, there occurred only 1 anticlinal division per 400 radial rows of fusiform cells (0.25%). The relative increase in the cambial cylinder diameter (d) between the first year of its activity (cambial circumference L 1 = 10.7 mm) and the second year (L 2 = 20 mm) was equal to 86.7%. The radius of the cylinder of mature cambium was about 24.5 mm (L 20 = 154 mm). The decrease in the frequency of anticlinal divisions corroborates with the decrease in the relative increase in the cambial circumference (Fig. 4) . 
DISCUSSION
In the cambium of L. anagyroides, the tendency towards storeyed arrangement was distinct already in the first two years of cambial activity. The storeyed cambium develops from non-storeyed procambium in time, which lasts even several decades (Record, 1919) . It has been usually described as a result of radial (anticlinal) longitudinal divisions (RLD) of fusiform initials, not followed by the intrusive growth of initials (C u m b i e , 1984; A j m a l et al. 1986 ; C a r l q u i s t , 1988; S t e e v e s and S u s s e x , 1989). The formation of homogenous packets, resulting from RLD, is undoubtedly involved in storey formation; however, the hypothesis of heterogeneous storeys described by Kojs et al. (2004) suggests that RLDs solely are insufficient to explain the formation of storeys. The repeated RLDs of fusiform initials lead to the formation of a mosaic of homogeneous packets, which has been presented by K o j s et al. (2002, 2004) . A similar mosaic of packets was observed in this work. Further RLDs of fusiform initials can widen the packets, but common, regular storeys apparently cannot be formed without considering the adjustment of the location of packets on the cambial surface. The location of the storeys' boundaries was maintained on both sides of very tall rays already in the 2nd year of cambial activity. Such rays are obviously obstacles for the expansion of homogeneous storeys, hence these storeys are almost certainly consisted of heterogeneous packets which had adjusted their location with respect to the neighbouring packets.
The rapid formation of storeys in the first two years of cambial activity is frequent in the tropics and it is typical for the highest trees of tropical rain forests, mostly in the families Fabaceae, Sterculiaceae and Meliaceae (R e c o r d , 1919; C a r l q u i s t , 1988; K o j s et al. 2004 ; I q b a l et al. 2005 ), although it is sparse in the temperate climate (rather found in some introduced species, like Laburnum anagyroides or Wisteria floribunda) and cannot be explained only by the occurrence of RLDs. The formation of a homogeneous packet from a single initial must be related to the adequate number of RLDs, hence also an adequate increase of cambial circumference, e.g. the formation of a packet consisting of 8 initials due to RLD is possible in 3 generations: the first division results in 2 sister initials, the next RLD of those two initials results in 4 sister initials, and the third generation -in 8 sister initials. In the same time, the circumferential dimension of this packet (assuming that the dimensions of initials are maintained) should increase to 800%. In the 1-year-old cambium of L. anagyroides, the average packets consisted of 2-4 initials, whereas in the 2-yearold cambium of 6-10 initials. Such an increase in packets should be associated with a 150%-200% relative increase in the cambial circumference, respectively, yet actually it was only 86.7%. Assuming that the formation of packets results exclusively from RLDs, in such a situation we should expect packets to consist of about 4-7 fusiform initials.
Whereas fusiform initials of the non-storeyed cambium increase their length rather gradually (S t e e v e s and S u s s e x , 1989), in the cambium of L. anagyroides the mean length of fusiform initials decreased after a temporary increase, which corroborates with the observations of B u t t e r f i e l d (1972), A jm a l et al. (1986) , and K o j s et al. (2004) . This decrement seems to be typical for storey formation, possibly related to the intensive rearrangement of the location of whole packets. Together with the decrease in the mean length of fusiform initials, the height of whole storeys also decreased, which means that the number of successive storeys in the same area of cambium increased (Fig. 2) . In the mature cambium of L. anagyroides, the fusiform initials were rather short (the mean length was equal to 190.5 μm, Table 4 ), compared to other species with storeyed cambium. G h o u s e et al. (1980) noted that usually the mean length of fusiform initials was 186 to 649 μm, while according to Larson (1994) K i t i n et al. (1999) compared two different methods of measurement of initial length in the non-storeyed cambium: 1) after maceration; and 2) in tangential sections. In the former method, the mean length of fusiform initials was included in the length range with the maximum number of fusiform initials assigned, whereas in the latter method it was significantly smaller. The authors interpreted this as a result of imprecise measurement in tangential sections and assessed that the method of measurement after maceration was more precise. The fusiform initials in the nonstoreyed cambium are more diverse in length and they are generally much longer than in the storeyed cambium, which may cause the measurement of individual cells to be difficult. The storeyed cambium is characterised by rather short fusiform initials and the measurement in tangential sections seems to be a sufficient method (B u t t e r f i e l d , 1973; A j m a l et al. 1986 ). In the present study, the mean length of fusiform initials, measured in tangential sections, was included in the range with the maximum number of fusiform initials assigned. The analysis of the number of fusiform initials assigned to the determined length ranges reveals that the diversity in the length of fusiform initials decreases during the formation of the regular storeyed pattern, which is consistent with the observations on W. floribunda (K o j s et al. 2004 ).
The occurrence of intrusive growth of cambial initials was at first described for the non-storeyed cambium as occurring between the radial walls of neighbouring initials, usually following oblique anticlinal divisions which resulted in the increase of the cambial circumference (B a n n a n , 1967, 1968; C u m b i e , 1967; K r a w c z y s z y n , 1973; 1977; C a t e s s o n , 1984; S a v i d g e and F a r r a r , 1984; W ł o c h , 1985). The difficulty of explaining the intensive rearrangement of cambial initials exclusively by intrusive growth was emphasized (B a n n a n , 1964, 1966; H a r r i s , 1973; S a v i d g e and F a r r a r , 1984). This hypothesis of intrusive growth also did not explain the intense rearrangement of initials arranged in the storeyed pattern, occurring rather in old stems where the relative increase of the cambial circumference was almost nil. On the basis this hypothesis, the increase of the cambial circumference was commonly explained in a different way for the storeyed cambium (due to RLDs and symplastic growth) and for the nonstoreyed cambium (due to oblique anticlinal divisions and intrusive growth) (C u m b i e , 1967; B a n n a n and B i n d r a , 1970; K r a w c z y s z y n , 1977; S a vi d g e and F a r r a r , 1984; W ł o c h , 1985). It should be pointed out that these two patterns of cambial initial arrangement are not discrete, since the storeyed cambium develops from the non-storeyed cambium in time, some individuals of a given species form storeyed cambium, while others do not (depending e.g. on environmental conditions, as in Tilia sp.). In one specimen in older branches the cambium may be storeyed, while in younger branches it is still non-storeyed, or even storeyed packets of cells may occur right next to the non-storeyed area of cambium, like in the case of intermediate cambium (e.g. F. excelsior) described by K r a w c z y s z y n (1977). Would it be that one mechanism of tissue growth occurs in one cell, whereas in the neighbouring cell it is different? This seems to be very improbable.
The latter hypothesis assumes that an initial, growing intrusively, grows between the tangential walls of the neighbouring initial and its closest derivative, and takes part in some kind of competition between segments of two initials for the same area of the cambial circumference called the 'initial surface' (W ł o c h , 1981; K o j s et al. 2004) . One of those initials wins this competition and remains on the initial surface, while the other one loses this competition and its part is pushed away from the initial surface either to the phloem or xylem side, which is described as elimination. The next periclinal division of the declining initial is unequal and results in two cells: one cell (shortened) keeps the status of the initial, while the other is a derivative on the phloem or xylem side. The intrusive growth of one initial is inseparably associated with at least partial elimination of other initial/initials from the initial surface, thus neither of them influences the cambial circumference (J u r a et al. 2006 ; W ł o c h et al. 2009 ; W i l c z e k et al. 2011 ). The recent hypothesis of intrusive growth occurring between the tangential walls precisely separates the mechanism of cambial circumference increase, as a result of anticlinal divisions and symplastic growth, and the mechanism of rearrangement of cambial initials, predominantly as a result of intrusive growth (balanced with eliminations). Both mechanisms occur independently and are common features of the cambium, regardless of its pattern.
Two types of rearrangement of fusiform initials were described: i) vertical, changing the location of initials (or whole packets of initials) and taking part in storey formation; ii) horizontal, changing the orientation and inclination of fusiform initials (K o j s et al. 2002, 2004) . The horizontal rearrangement of cambial initials is recorded in the successive layers of cambial derivatives, displayed as grain in wood. Whereas in temperate trees spiral or wavy grain occurs in wood, in tropical rainforests species presenting interlocked grain in wood are frequent, being unusually numerous in the canopy and emergent layers of the forest al. 1986 ). This is contrary to the general opinion that in the storeyed cambium intrusive growth is insignificant (H e j n o w i c z , 1973). In the juvenile cambium of L. anagyroides, tall, uniseriate or biseriate rays frequently occurred, whereas in the mature cambium narrow rays were only short and located in one storey, but tall, wide rays occurred frequently. This phenomenon may be explained in two ways: by the widening of tall narrow rays and / or by their splitting to several short rays. Considering the regular storeyed pattern of this cambium, the horizontal rearrangement may be the reason of frequent splitting of rays, and apparently narrow rays seem to be more susceptible to splitting than wide ones.
Although it may seem that the exact location of intrusive growth is a marginal problem, two hypotheses described here explain the increase of the cambial circumference and rearrangement of cambial initials as the result of entire different mechanisms. Despite all doubts and vagueness of the former hypothesis, it has been widely described in articles and textbooks and is still exploited in most of works concerning the cam-bium, even if not expressed directly. The formation of the storeyed pattern is also a much more complex process than it was believed and the mechanisms controlling this process are still to be investigated. The main aim of this work is to present the process of formation of heterogeneous storeys on the example of L. anagyroides, on the basis the recent hypothesis of intrusive growth, as a mechanism of rearrangement of cambial initials, but not as a mechanism of cambial circumference increase.
CONCLUSIONS
The storeyed arrangement of cambium of L. anagyroides is distinct in young, even 2-year-old stems, regardless of the presence of tall, often multiseriate rays. The occurrence of RLDs in fusiform initials in L. anagyroides results in the formation of a mosaic of homogeneous packets, but the occurrence of RLDs cannot explain the formation of regular storeys, thus storeys are heterogeneous (composed of several homogeneous packets). The possible mechanism of storey formation is the vertical rearrangement of the location of packets. The formation of heterogeneous storeys is associated with the unification of length of fusiform initials and also their shortening. The recent observations are consistent with the hypothesis of intrusive growth of cambial initials occurring between the tangential walls of neighbouring initials and their closest derivatives.
